G12V in primary cells induces a permanent growth arrest called oncogene-induced senescence (OIS) that serves as a fail-safe mechanism against malignant transformation. We have performed a genomewide small interfering RNA (siRNA) screen and a microRNA (miRNA) screen to identify mediators of OIS and show that siRNA-mediated knockdown of p21
Overexpression of Ras
G12V in primary cells induces a permanent growth arrest called oncogene-induced senescence (OIS) that serves as a fail-safe mechanism against malignant transformation. We have performed a genomewide small interfering RNA (siRNA) screen and a microRNA (miRNA) screen to identify mediators of OIS and show that siRNA-mediated knockdown of p21
Waf1/Cip1 rescues from Ras
G12V
-induced senescence in human mammary epithelial cells (HMECs). Moreover, we isolated a total of 28 miRNAs that prevented Ras G12V -induced growth arrest, among which all of the miR-106b family members were present. In addition, we obtained a number of hits, miR-130b, miR-302a, miR-302b, miR302c, miR-302d, miR-512-3p and miR-515-3p with seed sequences very similar to miR-106b family members. We show that overexpression of all these miRNAs rescues HMECs from Ras . Our results establish an important role for the cell cycle inhibitor p21
Waf1/Cip1 in growth control of HMECs and extend the repertoire of miRNAs that modulate the activity of this tumour suppressor.
Introduction
Cell growth and division are tightly controlled processes initiated by signals originating both in the intra-and extracellular environment. Growth-stimulating signals feed back into growth-suppressing pathways and any imbalance in these intricate signalling networks causes the cell to exit the cell cycle, thereby preventing uncontrolled cell growth. Consequently, overexpression of the Ras oncogene in primary cells induces an irreversible growth arrest similar to replicative senescence, termed oncogene-induced senescence (OIS, Serrano et al., 1997) . It has been shown that the retinoblastoma and p53 pathways have a crucial role in mediating this process (Courtois-Cox et al., 2008) . Importantly, these pathways are frequently inactivated during tumourigenesis (Sherr and McCormick, 2002) , indicating that OIS is an important fail-safe mechanism against malignant transformation. Indeed, whereas benign tumours contain senescent cells, these cells have fully disappeared in the malignant counterparts of these tumours (Braig and Schmitt, 2006) . Interestingly, Voorhoeve et al. (2006) showed that overexpression of two microRNAs (miRNAs), miR-372 and miR-373, prevented Ras G12V -induced senescence in human fibroblasts. In addition, the important role of miRNAs in growth control has been uncovered by the discovery that tumours display different miRNA expression patterns compared with normal cells (Calin and Croce, 2006) . Proof for a direct role of miRNAs in the aetiology of cancer has come from miRNA overexpression studies resulting in initiation or acceleration of tumourigenesis (He et al., 2005; Costinean et al., 2006) .
Because signalling pathways important for the mediation of OIS coincide with signalling pathways deregulated in cancer, and identification of OIS mediators can uncover new routes of tumourigenesis, we performed a genome-wide small interfering RNA (siRNA) screen and miRNA screen to identify small RNAs preventing Ras G12V -induced senescence in human mammary epithelial cells (HMECs) . In this study, we describe that siRNA-mediated knockdown of p21 Waf1/Cip1 rescues HMECs from Ras G12V -induced senescence. Moreover, we report that a total of 28 miRNAs prevented Ras G12V -induced growth arrest, a group that contained all of the miR-106b family members (Ivanovska et al., 2008) , as well as miR-130b, miR-302a, miR-302b, miR302c, miR-302d, miR-512-3p and miR-515-3p . We show that overexpression of these miRNAs rescues HMECs from Ras
G12V
-induced senescence and demonstrate that this is achieved by prevention of Ras G12V -induced upregulation of p21 Waf1/Cip1 .
Results

Ras
G12V -induced senescence rescue screen in HMECs yields multiple rescuing siRNAs Single-cell cloned HMECs harbouring 4-hydroxytamoxifen (OHT)-inducible Ras G12V and displaying a uniform senescence phenotype in response to an optimized dose of OHT ( Figure 1a ) were reverse transfected with a whole genome siRNA library. Each pool of siRNAs was transfected in a different well, which allowed us to study the performance of each siRNA pool individually. Two days after transfection, Ras G12V was induced, and Ras G12V -induced senescence rescue was determined 4 days later by measuring total cell number and percentage of 5-bromo-2-deoxyuridine (BrdU)-positive nuclei. For a schematic presentation of the screening protocol, see Figure 1b . In Figure 1c , the percentage of BrdU-positive nuclei versus the total cell number is presented for every genomic siRNA pool. siRNAs that resulted in cell numbers and/or BrdU-positive fractions above the cut-off values were scored as hits.
Inhibition of p21
Waf1/Cip1 rescues from Ras G12V -induced senescence The hits obtained from the genome-wide siRNA screen were cherry-picked and re-screened in triplicate. As can be seen in Figure 2a , a high fraction of siRNAs rescored in the re-screen. In Supplementary Table 2, the genes corresponding to the siRNAs that scored higher than both cut-off values have been listed. Figure 2b shows the morphology and staining pattern of cells transfected with siRNAs targeting one of the hits, that is, p21 Table 2 ). This approach served to filter out any hits that were the result of off-target effects. We transfected these siRNAs both as pools of three, to mimic the original screen and re-screen, and as individual siRNAs. siRNAs corresponding to five genes (out of 26) scored positive in this experiment, either as a pool, as an individual siRNA or as both (Figure 2c and Supplementary Table 3 ). p21
Waf1/Cip1 was our strongest hit, as two out of three independent individual siRNAs and the siRNA-pool scored for this gene (Figure 2c ). We subsequently performed immunofluorescence for p21 Waf1/Cip1 in HMECs after Ras G12V induction to check for Ras G12V -induced upregulation of p21 Waf1/Cip1 . As shown in Figure 2d , Ras G12V expression caused a strong induction of p21
Waf1/Cip1 in siGLO-transfected HMECs and this induction was significantly reduced after transfection with a pool of siRNAs targeting p21 Waf1/Cip1 , showing that OIS coincides with p21
Waf1/Cip1 upregulation in HMECs.
Multiple miRNAs rescue HMECs from Ras
G12V
-induced senescence To find out if overexpression of any miRNA would rescue these cells from Ras G12V -induced senescence in our experimental setting, we performed a Ras G12V -induced senescence rescue screen in triplicate with a miRNA library containing 328 different miRNAs using the same experimental set-up as described for the genome-wide siRNA screen. As shown in Figures 3a and b and Supplementary Figure S1 , multiple miRNAs rescued HMECs from Ras G12V -induced senescence. In Figure 3c , BrdU-and whole cell staining of a representative hit, miR-302b, is shown (see Supplementary Figure S2 for the whole cell stain pictures of a representative selection of the scoring miRNAs). We found that overexpression of all miRNAs belonging to the miR-106b family (Ivanovska et al., 2008) , that is, miR-17-5p, miR-20a, miR-20b, miR-93, miR-106a, miR-106b, miR-372, miR-373, miR-519c,d,e, miR520a,b,c,d ,e,f,g and miR-526b* rescued from Ras G12V -induced senescence. Interestingly, most of the additional scoring miRNAs, miR-130b, miR-302a,b,c,d, miR-512-3p and miR-515-3p, have seed sequences very similar to the seed sequence of the miRNAs from the miR-106b family. Exceptions were miR146a and miR-146b, as these miRNAs have a completely unrelated seed sequence (see Figure 3b) . To confirm the result obtained from the miRNA screen, we performed proliferation assays with a representative selection of the scoring miRNAs. Whereas siGLO-transfected cells were growth arrested between days 1 and 2 after Ras G12V -induction, cells transfected with any of our selected miRNAs continued to proliferate in the presence of OHT (Figure 3d ). Importantly, after mock treatment, both siGLO-and miRNA-transfected HMECs continued to proliferate. Similar results were obtained with HMECs stably expressing a selection of our scoring miRNAs (Supplementary Figure S3) . In order to test if overexpression of the miRNAs would also result in rescue from Ras G12V -induced senescence in long-term culture, we performed proliferation assays in the presence or absence of OHT over a period of 3 weeks. As can be seen in Supplementary Figure S4 , HMECs stably transfected with miR-302a continued to proliferate in the presence of OHT for the whole duration of the experiment. The same was observed with other miRNAs related to miR-106b (data not shown). As the seed sequences of miR-146a and miR-146b are distinct from all other identified miRNAs, and miR-146b showed a relatively weak rescue from Ras G12V -induced senescence in the short-term proliferation assay (Figure 3d ), we were interested to determine whether miR-146b would also rescue HMECs from Ras G12V -induced senescence in a longer-term proliferation assay. Despite some growth observed during the first half of the experiment, cell growth subsequently stabilized with all cells developing a senescence morphology in the course of time ( þ OHT, data not shown). Thus, although miR-146a and miR-146b are able to rescue from a Ras G12V -induced growth arrest, the observed rescue was transient and overexpression of miR-146b could not prevent the development of Ras
-induced senescence at a later stage. miRNAs rescue HMECs from Ras G12V -induced senescence by inhibiting p21
Waf1/Cip1 upregulation Given that both the miRNA screen and the genomewide siRNA screen were performed with the same cellular model, we hypothesized that the miRNAs identified in the miRNA screen mediate rescue from Ras G12V -induced senescence by inhibition of p21 Waf1/Cip1 . To test this hypothesis, we performed immunofluorescence for p21
Waf1/Cip1 on HMECs transfected with the relevant miRNAs and treated with OHT to induce Ras Waf1/Cip1 after miRNA overexpression is a consequence of a direct interaction between the miRNA and mRNA of p21
Waf1/Cip1 , we performed luciferase reporter assays in which we co-transfected hit miRNAs with perfect and imperfect matches of the seed sequence to the p21 Waf1/Cip1 3 0 -UTR with a construct encoding a fusion of p21 Waf1/Cip1 3 0 -UTR and luciferase (kindly provided by F Petrocca, Department of Molecular Virology, Immunology and Medical Genetics and Comprehensive Cancer Center, The Ohio State University, Columbus, OH, USA), and subsequently measured luciferase activity. Thus, we could show that co-transfection of miR-106b and miR-302a resulted in decreased luciferase activity, indicating that these miRNAs directly interact with the 3 0 -UTR of p21
Waf1/Cip1 , whereas co-transfection of miR-146a and miR-146b
Multiple microRNAs rescue from Ras-induced senescence V Borgdorff et al with the p21 Waf1/Cip1 3 0 -UTR-luciferase construct did not result in a reduction of luciferase activity (Supplementary Figure S5 ).
Discussion
In this study, we describe the results of a genome-wide siRNA and a miRNA screen aimed at the identification of siRNAs and miRNAs that prevent Ras G12V -induced senescence in HMECs. We demonstrate that downregulation of p21
Waf1/Cip1 renders HMECs, in which p16
INK4a is silenced, resistant to Ras G12V -induced senescence. In addition, we have identified 28 miRNAs that are able to prevent a Ras G12V -induced growth arrest in HMECs. This study illustrates that deregulation of miRNAs has a high impact on growth control in epithelial cells. In addition, the fact that we have identified two miRNAs (miR-372 and miR-373) that have previously been shown to rescue Ras-induced senescence in human fibroblasts (Voorhoeve et al., 2006) illustrates that deregulation of certain miRNAs has identical consequences in different cell types, suggesting a potentially universal mechanism of miRNA-mediated growth control.
Taking into account that (a) overexpression of the identified miRNAs results in an inhibition of p21 Waf1/Cip1 upregulation that is comparable with the inhibition established by siRNAs targeting p21
Waf1/Cip1 ; (b) that the seed sequences of our isolated miRNAs are similar and (c) that both our siRNA and miRNA hits were isolated within the same experimental setting, it is plausible that each of these isolated miRNAs mediate rescue from Ras G12V -induced senescence by targeting p21 Waf1/Cip1 for degradation (miR-146a and miR-146b are exceptions to statements a and b, see below).
In support of this, Ivanovska et al. (2008) showed that overexpression of miR-106b family members miR-17-5p, miR-20b, miR-93, miR-106a, miR-106b and miR-372 in HMECs resulted in the promotion of G 1 -S transition as measured by an increase in the number of S-phase cells and that this was the consequence of p21
Waf1/Cip1 silencing. Similarly, it has been shown that miRNA-93 and miR-106b target p21
Waf1/Cip1 for degradation resulting in an impairment of the transforming growth factor b-induced G 1 -arrest in gastric cancer cells (Petrocca et al., 2008) . Both groups also demonstrated a direct interaction between the miRNAs of the miR-106b family and the 3 0 -UTR of p21 Waf1/Cip1 by luciferase reporter assays with the 3 0 -UTR of p21 Waf1/Cip1 . We have performed additional luciferase reporter assays with miR-302a, miR-146a and miR-146b, including miR106b as a control. Thus, we could show that cotransfection of miR-106b and miR-302a resulted in a decreased luciferase activity, indicating that these miRNAs directly interact with the 3 0 -UTR of p21
Waf1/Cip1 , whereas co-transfection of miR-146a and miR-146b with the p21 Waf1/Cip1 3 0 -UTR-luciferase construct did not result in a reduction of luciferase activity (Supplementary Figure S5 ). These results correspond to the outcome of miRNA target prediction programs and/or findings earlier described: whereas human miR-302a is not predicted to bind the p21 Waf1/Cip1 3 0 -UTR, murine miR-302a is predicted to do so (TargetScan) and its murine family member miR-302d has been shown by Wang et al. (2008) to bind the p21 Waf1/Cip1 3 0 -UTR. Our luciferase assay shows that its human family member, miR-302a, also targets the p21 Waf1/Cip1 3 0 -UTR directly. miR-146a and miR-146b are not predicted to bind the 3 0 -UTR of p21
Waf1/Cip1
. We can conclude that the bulk of our hit miRNAs (the miRNAs belonging to the miR106b family and miRNAs of the miR-106/302 miRNA family (as defined by TargetScan 5.1, containing miR-302, miR-372 and miR-520)) target p21
Waf1/Cip1 and by doing so, can rescue HMECs from OIS.
miRNAs from the miR-106/302 family are also predicted to bind the 3 0 -UTR of LATS2. Two miRNAs of this family, miR-372 and miR373, have been identified in a Ras G12V -induced senescence rescue screen in human fibroblasts and have been demonstrated to mediate their function through downregulation of LATS2 (Voorhoeve et al., 2006) . We have checked for the expression of LATS2 in our HMECs by western blotting and as can be seen in Supplementary Figure S6 , LATS2 is expressed in our cells. Therefore, it is likely that for a number of our miRNA hits, in particular miR-372 and miR-373, but potentially also other miRNAs hits from the miR-106/302 family (miR-302, miR-520), that are predicted to bind the 3 0 -UTR of LATS2, OIS rescue is partially attributable to downregulation of LATS in addition to p21
Waf1/Cip1 . miRNAs from the miR-106/302 family belong to the group of best miRNA hits in our screen, displaying the highest proliferative potential. In addition, these miRNAs conferred the capacity of forming colonies in soft agar (Supplementary Figure S7) , whereas miRNAs not belonging to the miR-106/302 family were not able to induce growth in soft agar upon their overexpression in HMECs. This may indicate that the oncogenic properties (high proliferative index, colony formation in soft agar) are mediated by the combined downregulation of LATS2 and p21
Waf1/Cip1 by miR-372, miR-373, miR-302 and miR-520.
To screen for other potential targets of our hit miRNAs in general, we have performed combinatorial target prediction analyses with different combinations of our hit miRNAs using http://www.microrna.org. On the basis of the performance of the hit miRNAs in the OIS rescue screen (for example, miRNAs that mediated strong OIS rescue versus weaker rescuers) or on the basis of seed sequence of the hit miRNAs, we have grouped different miRNAs together and listed their overlapping target genes, see Supplementary Table 4 . In addition, we have checked if our siRNA hits are predicted targets of (some of) our miRNA hits. In Supplementary Table 5 , it can be seen that this is indeed the case.
The significance of our finding that multiple miRNAs are able to rescue HMECs from OIS is underlined by a recent study of Li et al. (2009) who showed that stressinduced cellular senescence is associated with sustained changes in the expression of a number of miRNAs. Waf1/Cip1 (middle panels) and cell mask (right panels). Two days after transfection with siGLO (left) or sip21
Waf1/Cip1 (right), Ras G12V was induced and cells were stained at the indicated time points. Cropped, representative images are shown. Scale bar: 100 mm.
Multiple microRNAs rescue from Ras-induced senescence V Borgdorff et al Fourteen miRNAs were found to be downregulated in senescent human diploid fibroblasts and senescent human trabecular meshwork cells and three miRNAs were upregulated. With the exception of miR-92, miR199b and miR-342, all miRNAs consistently downregulated in both cell types were found to be members of the miR-15 or the miR-106b family of miRNAs. Interestingly, the majority of miRNA hits that we have identified also belong to the miR-106b family of miRNAs or show a seed sequence that is very similar to the seed sequence of the miR-106b family. As miRNAs from the miR-106b family need to be downregulated for senescence to occur as shown in the paper by Li et al. (2009) , one can speculate that upregulation/ amplification of miRNAs of this family may be causally related to carcinogenesis. Indeed, miR-106b family and related miRNAs have been demonstrated to be associated with tumour progression in tumours of different origins. miR-106a and miR-106b have been found to be upregulated in gastric adenocarcinoma (Petrocca et al., 2008) and miR-17-5p and miR-372 have been found to be overexpressed in squamous cell carcinoma (Wong et al., 2008) . In addition, miR-372 and miR-373 have been found to be upregulated in testicular germ cell Waf1/Cip1 (middle panels) and cell mask (right panels). Two days after transfection with siGLO (left) or miR-302b (right), Ras G12V was induced and cells were stained at the indicated time points. Cropped, representative images are shown. Scale bar: 100 mm. (b) Quantified nuclear intensity of p21 Waf1/Cip1 in transfected HMEC cells. Two days after transfection with siGLO or the indicated miRNAs, Ras G12V was induced and cells were stained for p21 Waf1/ Cip1 at the indicated time points, after which the nuclear intensity levels of p21 Waf1/Cip1 were determined. Bars: s.d.
Multiple microRNAs rescue from Ras-induced senescence V Borgdorff et al tumours (Voorhoeve et al. 2006) . Finally, miR-373, together with miR-520c, has also been identified as a metastasis-promoting miRNA (Huang et al., 2008) . As loss of p21 Waf1/Cip1 has been associated with anchorageindependent growth (Carbone et al., 2007) , downregulation of p21
Waf1/Cip1 could have a role in metastasis promotion induced by these miRNAs in addition to the downregulation of CD44, as has been described (Huang et al., 2008) .
It has been shown before that p21 Waf1/Cip1 is involved in the effectuation of Ras G12V -induced senescence in different human cells. For example, inhibition of p21
Waf1/Cip1 expression in BJ foreskin fibroblasts resulted in Ras G12V -resistant growth (Voorhoeve et al., 2006) . In addition, inactivation of p21 Waf1/Cip1 in LF1 human lung fibroblasts has been shown to result in bypass of Ras G12V -induced senescence but only when p16 INK4a was inactivated as well (Wei et al., 2003) . The cellular context of the work described here and in Wei et al. (2003) is similar as both studies used cells in which p16
INK4a was inactivated. A role for p21 Waf1/Cip1 in the mediation of Ras G12V -induced senescence in HMECs has not yet been described. It has been reported that a combination of human telomerase reverse transcriptase, H-Ras G12V , SV40 Large T and small t can transform primary HMECs, illustrating that inactivation of the p53 pathway (by SV40 Large T in this case) confers oncogenic properties to these cells (Elenbaas et al., 2001) . However, as the p53 pathway has not been further dissected in this study, the exact role of p21 Waf1/Cip1 in this process cannot be concluded from this work.
Interestingly, and in contrast to our observations, expression of Ras G12V in hTERT-immortalized HMECs used in the study of Elenbaas et al. (2001) did not result in a senescence-like growth arrest. This may reflect differences in the expression levels of oncogenic Ras between their study and ours, as it has been reported that cells respond differently to oncogenic Ras depending on the level of expression: in a mouse model in which the level of Ras activation could be titrated, it appeared that low levels of oncogenic Ras stimulated cellular proliferation, whereas high levels of Ras activation induced cellular senescence (Sarkisian et al., 2007) .
Finally, the results of our screens underline the suitability of this approach for the identification of novel regulators of tumour suppressor pathways. This particular screen illuminated 28 miRNAs interfering with tumour suppressor activity. The fact that so many different miRNAs are involved in the regulation of p21
Waf1/Cip1 highlights the importance of the proper regulation of this cell cycle inhibitor in HMECs. Furthermore, the isolation of ES cell-specific miRNAs (Suh et al., 2004) indicates that in different cell types different miRNAs may be responsible for this regulation. However, our hits have been identified in vitro and it will be important to verify that p21 Waf1/Cip1 modulation by our isolated miRNAs is of functional importance in vivo. For some of the miRNAs that we describe here, these studies have already been performed. For example, He et al. (2005) showed that lentiviral transduction of the miR-17-92 cluster containing miR-17-5p and miR20a dramatically accelerated lymphomagenesis in MYC transgenic mice. It will be of great interest to see if the other miRNAs that scored positive in our screen and rescued HMECs from Ras G12V -induced senescence also have this capacity and, if so, if this correlates with a reduction of p21
Waf1/Cip1 in the induced tumours. Interestingly, in many mammary breast tumours p21
Waf1/Cip1 expression is frequently lost (Go¨hring et al., 2001) . Moreover, aberrant Ras signalling through amplification of the HER-2/neu gene is observed in a high number of breast tumours (Slamon et al., 1989) , suggestive of a cooperation of impaired Ras signalling and loss of p21
Waf1/Cip1 in the development of breast cancer. Such a cooperation has already been demonstrated in a transgenic mouse model in which loss of p21 Waf1/Cip1 accelerated the onset of Ras-dependent tumourigenesis (Adnane et al., 2000) . These results, together with our data presented here, suggest that it is worthwhile to consider p21 Waf1/Cip1 for therapeutic targeting in breast cancer, as proposed by others (Weiss, 2003) .
Materials and methods
Cells
Post-stasis, post-selection human telomerase reverse transcriptase-immortalized HMEC 184B, a gift from M Stampfer, Lawrence Berkeley National Laboratory, Berkeley, CA, USA, were grown in MEBM phenol red-free medium supplemented with MEGM Single Quots (Lonza, Basel, Switzerland). In HMEC 184B, p16
INK4a expression is silenced due to promoter methylation (Li et al., 2007) . HMEC 184B were retrovirally transduced with a plasmid encoding OHT-inducible Ras , a gift from PA Khavari, VA Palo Alto Health Care System, Palo Alto, CA, USA, in pLNCX (Clontech, Mountain View, CA, USA) and subjected to G418 selection (400 mg/ml). Selected cells were single-cell cloned and clone VB3 (HMEC-VB3, hereafter referred to as HMEC), displaying a classical senescence phenotype upon treatment with 12.5 nM OHT (Sigma, St Louis, MO, USA), was selected for further experiments.
Genome-wide siRNA and miRNA screen For the genome-wide siRNA screen, we used the Silencer whole genome synthetic siRNA library from Ambion (Austin, TX, USA). This library consists of 22 010 siRNA pools (based on NCBI's RefSeq database release 12) with three siRNAs per pool. For the miRNA screen, performed in triplicate, we used the pre-miR miRNA library (Ambion), consisting of 328 miRNAs. As a negative control in both screens we used a Cy5-labelled siRNA targeting Cyclophilin B (siGLO, Dharmacon, Lafayette, CO, USA). HMECs were reverse transfected in 384-well format with 30 nM final concentration siRNA/miRNA using HiPerFect (Qiagen). Two days after siRNA/miRNAtransfection, Ras G12V was induced with OHT. Three days later, cells were incubated for 24 h with BrdU (Sigma, 10 mM), after which the cells were fixed with 4% paraformaldehyde (Sigma), stained for the presence of BrdU and imaged. As a read-out for Ras G12V -induced senescence rescue, we used total cell number, reflected by the total number of nuclei stained with 4 0 ,6-diamidino-2-phenylindole (DAPI, Sigma), and percentage of BrdU-positive nuclei (calculated as the ratio between Multiple microRNAs rescue from Ras-induced senescence V Borgdorff et al the number of BrdU-positive nuclei and the number of DAPIpositive nuclei). To identify the hits in both screens, cut-off values were set at three standard deviations from the mean of the negative control for the measures of total cell number and percentage of BrdU-positive nuclei. siRNA hits were cherrypicked and re-screened in triplicate. To validate the hits obtained in the re-screen, we ordered three new unique siRNA sequences per gene target derived from a different algorithm (Qiagen Hiperformance). These siRNAs were then tested in triplicate.
Immunofluorescence and microscopy Fixed cells were permeabilized with 0.1% Triton X-100 (Sigma) for 30 min at room temperature (RT) and in the case of BrdU-staining this was followed by DNA denaturation with 2 N HCl (30 min, RT). BrdU-staining was performed with an AlexaFluor-488-conjugated anti-BrdU-antibody (1:250, Molecular Probes, Invitrogen, Paisley, UK) for 2 h at RT. The last phosphate-buffered solution wash step was combined with DAPI (1 mg/ml, Sigma) and a whole cell stain (HCS cell mask, 3 mg/ml, Invitrogen). In the p21
Waf1/Cip1 immunofluorescence experiments, cells were stained for 2 h at RT with a monoclonal anti-p21
Waf1/Cip1 antibody (1:200, Dako, Glostrup, Denmark) followed by a secondary antibody staining for 1 h at RT (AlexaFlour-488-conjugated goat anti-mouse antibody (1:200, Invitrogen). Cells were imaged on an InCell 1000 automated microscope (GE Healthcare/Amersham Biosciences, Little Chalfont, UK) and both the numbers of DAPIand BrdU-positive nuclei and the nuclear intensity levels of p21
Waf1/ Cip1 were determined by image analysis using Developer software (GE Healthcare/Amersham Biosciences). For the quantification of nuclear intensity levels of p21 Waf1/ Cip1 , two fields ( Â 10 objective) per well of in total three wells per miRNA were quantified and the average median nuclear intensity was calculated.
Retroviral constructs and transduction
A number of miRNA hits were cloned into MirVec (kindly provided by R Agami, Netherlands Cancer Institute, Amsterdam, The Netherlands), according to the procedure described in Voorhoeve et al. (2006) . As a negative control miR-494, a miRNA that did not result in rescue from Ras G12V -induced senescence, was cloned. See Supplementary Table 1 for the primers used for PCR amplification. After sequence verification, 5 mg of plasmid DNA was transfected into Phoenix packaging cells using Fugene (Roche, Basel, Switzerland). Viral supernatant was harvested 48 h after transfection. Target HMECs were seeded in a six-well plate at a density of 5000 cells/cm 2 and spinfected the following day at 32 1C, 350 r.p.m. for 1 h with viral supernatant in the presence of 8 mg/ ml polybrene. Cells were selected with blasticidin (3 mg/ml).
Growth curves
HMECs transiently transfected with synthetic siRNAs/miRNAs or stably transduced with miRNA constructs were treated with OHT 2 days after seeding (384-well plate) to induce Ras G12V . Cells were subsequently fixed and DAPI-stained every day for a period of 4 days. Cell numbers were determined by automatic image analysis of DAPI-stained cells using Developer software (GE Healthcare). The results shown are the means of at least three replicates. For long-term proliferation assays, HMECs stably transduced with miRNA constructs were seeded at 5000 cells/cm 2 in P60 plates and cultured in the presence or absence of OHT. Cells were counted and passaged at 3 day intervals.
Statistical analysis
To test for significant differences in p21
Waf1/Cip1 -nuclear intensity levels after Ras G12V -induction in HMECs transfected with siGLO or miRNAs, statistical analysis was performed using Welch's t-test.
